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Cucumber is an economically important crop as well as a 
model system for sex determination studies and plant vascular 
biology. Here we report the draft genome sequence of Cucumis 
sativus var. sativus L., assembled using a novel combination of 
traditional Sanger and next-generation Illumina GA sequencing 
technologies to obtain 72.2-fold genome coverage. The absence 
of recent whole-genome duplication, along with the presence 
of few tandem duplications, explains the small number of 
genes in the cucumber. Our study establishes that five of the 
cucumber’s seven chromosomes arose from fusions of ten 
ancestral chromosomes after divergence from Cucumis melo. 
The sequenced cucumber genome affords insight into traits 
such as its sex expression, disease resistance, biosynthesis of 
cucurbitacin and ‘fresh green’ odor. We also identify 686 gene 
clusters related to phloem function. The cucumber genome 
provides a valuable resource for developing elite cultivars  
and for studying the evolution and function of the plant 
vascular system.

The botanical family Cucurbitaceae, commonly known as cucur-
bits and gourds, includes several economically important cultivated 
plants, such as cucumber (C. sativus L.), melon (C. melo L.), water-
melon (Citrullus lanatus (Thunb.) Matsum. & Nakai) and squash and 
pumpkin (Cucurbita spp.). Agricultural production of cucurbits uses 
9 million hectares of land and yields 184 million tons of vegetables, 
fruits and seeds annually (http://faostat.fao.org). The cucurbit fam-
ily also displays a rich diversity of sex expression, and the cucumber 
has served as a primary model system for sex determination studies1. 
The cucurbits are also model plants for the study of vascular biology, 
as both xylem and phloem sap can be readily collected for studies of 
long-distance signaling events2,3.

Despite the agricultural and biological importance of cucurbits, 
knowledge of their genetics and genome is currently very limited. We 
have therefore sequenced and assembled the genome of the domestic 
cucumber, C. sativus var. sativus L.

All previous plant genome sequences have been derived using 
traditional Sanger technology4–9. The recent development of  
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next-generation sequencing technologies has 
significantly improved sequencing throughput at 
a markedly reduced cost10. However, an intrinsic 
characteristic of next-generation technologies is 
their short read length (~50 bp), which prevents 
their direct application for de novo assembly of 
large genomes. When using these new technolo-
gies, assembly is typically carried out by mapping 
these short reads onto a known reference genome11,12. For the cucumber  
genome, we carried out a novel combination de novo sequencing strat-
egy, taking advantage of the long read and clone length of Sanger 
technology and, for the first time, the high sequencing depth and low 
unit cost of Illumina GA technology.

RESULTS
Sequencing and assembly
We selected the ‘Chinese long’ inbred line 9930, which is commonly 
used in modern cucumber breeding13, for our genome sequencing 
project. We generated a total of 26.5 billion high-quality base pairs, 
or 72.2-fold genome coverage, of which the Sanger reads provided 
3.9-fold coverage and the Illumina GA reads provided 68.3-fold  
coverage (Supplementary Table 1). The GA reads ranged in length 
from 42 to 53 bp.

We compared the assemblies obtained by Sanger reads only, 
Illumina GA reads only and Sanger plus Illumina reads. The ‘hybrid’ 
approach achieved markedly longer N50 (the size above which half of 
the total length of the sequence set can be found) in both contigs and 
scaffolds, so we used this assembly for further analyses (Table 1 and 
Supplementary Table 2). The total length of the assembled genome 
was 243.5 Mb, about 30% smaller than the genome size estimated 
by flow cytometry of isolated nuclei stained with propidium iodide 
(367 Mb)14 and by K-mer depth distribution of sequenced reads  
(350 Mb; Supplementary Fig. 1). Several types of satellite sequences 
were present in the data set, comprising 23.2% of all Sanger reads and 
76.2% of unassembled reads (Supplementary Table 3). FISH analysis 
indicated that these are primarily located in the centromeric and telo-
meric regions15. The cucumber genome also contains a large number 
of rRNA sequences, and about 3.3% of the Sanger reads matched 45S 
rRNA. These results indicated that the majority of the remaining 30% 
of unassembled regions of the genome are likely to be heterochro-
matic satellite or rRNA sequences.

The high coverage of the cucumber genome by this assembly was 
also confirmed using the available EST, fosmid and BAC sequences. 
The assembly contains 96.8% of the 63,312 cucumber unigenes 
assembled from ~350,000 Roche 454–sequenced ESTs, 99.3% of the 
6,952 NCBI-deposited ESTs of cucumber, 91.2% of the 50,441 NCBI-
deposited ESTs of melon and 98.7% of the six finished fosmid and 
BAC sequences (Supplementary Table 4).

A genetic map was developed using 77 recombinant inbred lines 
from the intersubspecific cross between Gy14 (a North American 
processing market–type cucumber cultivar) and PI183967 (an acces-
sion of C. sativus var. hardwickii originating from India). The map 
spans 581 cM and contains 1,885 markers, including 995 micro-
satellite markers16 and 890 Diversity Arrays Technology markers 
(marker sequences can be accessed at http://cucumber.genomics.org.
cn). Using this map, we were able to anchor 72.8% of the assembled 
sequences onto the seven chromosomes. Among the 1,885 mark-
ers, 1,763 (93.5%) were uniquely aligned and used for construct-
ing the pseudochromosomes. The majority (98.7%) of the markers 
were collinear with the sequence assembly (Fig. 1a). Comparison of  
the genetic and physical distances between markers revealed  

recombination suppression of two 10-Mb regions at either end of 
chromosome 4, a 20-Mb region on chromosome 5 and an 8-Mb region 
on chromosome 7. Using high-resolution FISH, we confirmed previ-
ously identified segmental inversion16 within the suppression region 
on chromosome 5 between Gy14 and PI183967 (Fig. 1b), which pro-
vides an explanation for recombination suppression in these regions. 
These regions of recombination suppression are additionally useful 
for studying cucumber evolution during domestication.

After excluding 16 markers whose genetic positions were ambigu-
ous, we examined the six remaining regions that had conflicts between 
the genetic map and our assembly. Upon inspection, we found that 
clone mate-pair information supported our assembly in all of these 
regions (Supplementary Fig. 2). We also identified no misassem-
bly within the regions covered by the six finished fosmid or BAC 
sequences (Supplementary Fig. 3). The conflicts may be a result of 
chromosomal rearrangement that occurred between the sequenced 
genotype 9930 and the genotypes used to create the mapping popu-
lation; alternatively, these markers may have been placed incorrectly 
on the genetic map. Sequencing depth distribution showed that 
we obtained more than 10× coverage on more than 97.5% of the  
assembly (Supplementary Fig. 4).

Repetitive sequences and transposons
The cucumber genome contains a large number of transposable ele-
ments, but only a few have previously been identified. We therefore 
constructed repeat libraries using multiple de novo methods and then 
derived a combined repeat library that contained 1,566 sequences 
(Supplementary Table 5), of which 469 (29.9%) were manually clas-
sified (Supplementary Table 6). We then used this library for repeat 
annotation of the cucumber genome. We identified a total of 54.4 Mb,  
which represents ~24% of the genome, as repeats. Among them, 
51.5% could be classified based on known repeats. The long termi-
nal repeat (LTR) retrotransposons (gypsy and copia) made up the 
majority of the transposable element classes and comprised 10.4% 
of the genome (Supplementary Table 7). The repeats divergence rate 
(percentage of substitutions in the matching region compared with 
consensus repeats in constructed libraries) distribution showed a peak 
at 20%. A fraction of LTR retrotransposons, long interspersed nuclear 
elements and DNA transposons (composing 2.3%, 0.4% and 0.2% 
of the genome, respectively) are of relatively recent origin, having a 
sequence divergence rate of less than 5% (Supplementary Fig. 5).

Gene annotation
We used three gene-prediction methods (cDNA-EST, homology based 
and ab initio) to identify protein-coding genes and then built a consen-
sus gene set by merging all of the results (Supplementary Fig. 6). We 
predicted 26,682 genes, with a mean coding sequence size of 1,046 bp  
and an average of 4.39 exons per gene (Supplementary Table 8). 
Under an 80% sequence overlap threshold, we found that 26.7% of 
the genes were supported by models from all three gene prediction 
methods, 25% had both ab initio prediction and homology-based 
evidence, and 7.4% had ab initio prediction and cDNA-EST expres-
sion evidence; the remaining genes were primarily derived from pure 

Table 1  Cucumber genome assembly statistics

Assembly
Contig N50a 

(kb)
Contig total 

(Mb)
Scaffold N50 

(kb)
Scaffold total 

(Mb)
% sequence anchored on 

chromosome

Sanger   2.6 204 19 238 —

Illumina GA 12.5 190 172 200 —

Sanger + Illumina GA 19.8 226.5 1,140 243.5 72.8%
aN50 refers to the size above which half of the total length of the sequence set can be found.
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ab initio prediction, but the majority of these 
were supported by multiple gene finders  
(Supplementary Table 9). About 81% of 
the genes have homologs in the TrEMBL 
protein database, and 66% can be classified 
by InterPro. In sum, 82% of the genes have 
either known homologs or can be function-
ally classified (Supplementary Table 10). In 
addition to protein-coding genes, we iden-
tified 292 rRNA fragments and 699 tRNA, 
238 small nucleolar RNA, 192 small nuclear 
RNA and 171 miRNA genes in the cucumber 
genome (Supplementary Table 11).

On the basis of pairwise protein sequence 
similarities, we carried out a gene family 
clustering analysis on all genes in sequenced 
plants, using rice as an outgroup. The cucum-
ber genes consist of 15,669 families. Of these, 4,362 are cucum-
ber unique families, among which 3,784 are single-gene families 
(Supplementary Table 12). The EST confirmation rate of these unique 
single-copy genes was much lower than the average of all predicted 
genes (33.4% vs. 72.3%, respectively). This category may therefore 
contain a number of false-positive predictions. In papaya, there are 
4,622 unique families, but the actual number of genes is estimated to 
be 24,746, which is lower than the 28,629 predicted genes7. Thus, the 
actual number in cucumber should be lower than 26,682 and similar 
to that in papaya. The smaller average gene family size in cucumber 
(1.71) and papaya (1.77) supports this conclusion (Fig. 2a).

The cucumber genome contains the smallest number of tandem 
gene duplications (479) among all the plants we compared, whereas 
grapevine has the largest number (5,382; Fig. 2a). This may contribute 
in part to the small number of genes in cucumber.

Absence of recent whole-genome duplication
Whole-genome duplication (WGD) is common in angiosperm plants 
and produces a tremendous source of raw material for gene genesis. 
Previous research has revealed a paleohexaploidy (γ) event in the 
common ancestor of Arabidopsis thaliana and grapevine after the 
divergence of monocotyledons and dicotyledons6. Subsequently, two 
WGDs (α and β) occurred in Arabidopsis17 and one (p) in poplar8,  
whereas no recent WGD occurred in grapevine and papaya. Evidence 
indicates that rice underwent an ancient WGD18. We carried out a 
collinear gene-order analysis on the cucumber genome and observed 
no recent WGD and only a few segmental duplication events 
(Supplementary Fig. 7). We also used the distance-transversion rate 
at fourfold degenerate sites (4DTv method) to analyze paralogous 
gene pairs between syntenic blocks in Arabidopsis and cucumber, 
respectively. Two peaks (~0.06 and ~0.25) in Arabidopsis support the 

two recent WGDs (Fig. 2b). In cucumber, the analysis showed ancient 
duplication events (peak at ~0.60) but did not reveal recent WGD. 
This lack of recurrent WGD in the small cucumber genome provides 
an important complement to the grapevine and papaya genomes to 
study ancestral forms and arrangements of plant genes.

Synteny with flowering plant genomes
Given the similar gene arrangements between cucumber and other 
plant genomes, we defined syntenic blocks that contained 5,473, 
6,525, 9,842, 8,439 and 3,992 cucumber genes collinear to Arabidopsis, 
papaya, poplar, grapevine and rice, respectively (Supplementary 
Table 13 and Supplementary Figs. 8–12). The numbers of collinear 
genes were consistent with the phylogenetic distances of the other 
plants to cucumber. Within the syntenic blocks, we observed the 
highest density of collinear genes between cucumber and grapevine 
(90.5 genes per Mb), followed by papaya (76.1; the low contiguity 
of genome assembly may have, in part, decreased this value), poplar 
(68.8), rice (55.6) and Arabidopsis (43.5; Supplementary Table 13). 
This indicates that Arabidopsis has the most reshuffled or rearranged 
genome, whereas the genomes of grapevine and papaya are more 
conserved, probably because they have not undergone WGD since 
the ancestral paleohexaploidy.

Substantial fusion events involved in chromosomal evolution
Melon and cucumber belong to the same genus, although cucum-
ber has seven chromosomes and melon has 12. Watermelon, their 
common distant relative, has 11 chromosomes. To investigate cucur-
bit chromosomal evolution, we compared the melon19 and water-
melon genetic maps to the cucumber genome (Fig. 3a). In total, 
348 (66.7%) of the 522 melon markers and 136 (58.6%) of the 232 
watermelon markers were aligned on the cucumber chromosomes 
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Figure 1  Integrated genetic and physical map of 
cucumber. (a) Genetic versus physical distance 
map of the seven cucumber chromosomes. 
The genetic map was constructed using a 
recombinant inbred line mapping population 
from the intersubspecific cross between Gy14 
(domestic cucumber) and PI183967 (wild 
cucumber). (b) Segmental inversion between 
Gy14 and PI183967 on cucumber chromosome 5  
detected by high-resolution FISH (12-2  
and 12-7 denote individual fosmid clones).  
A low-resolution FISH analysis was also recently 
reported16. Scale bars represent 1 µm.
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